Using a genetic screen, we isolated three TATA-binding protein (TBP) mutants that increase transcription from promoters that are repressed by the Cyc8-Tup1 or Sin3-Rpd3 corepressors or that lack an enhancer element, but not from an equivalently weak promoter with a mutated TATA element. Increased transcription is observed when the TBP mutants are expressed at low levels in the presence of wild-type TBP. These TBP mutants are unable to support cell viability, and they are toxic in strains lacking Rpd3 histone deacetylase or when expressed at higher levels. Although these mutants do not detectably bind TATA elements in vitro, genetic and chromatin immunoprecipitation experiments indicate that they act directly at promoters and do not increase transcription by titration of a negative regulatory factor(s). The TBP mutants are mildly defective for associating with promoters responding to moderate or strong activators; in addition, they are severely defective for RNA polymerase (Pol) III but not Pol I transcription. These results suggest that, with respect to Pol II transcription, the TBP mutants specifically increase expression from core promoters. Biochemical analysis indicates that the TBP mutants are unaffected for TFIID complex formation, dimerization, and interactions with either the general negative regulator NC2 or the N-terminal inhibitory domain of TAF130. We speculate that these TBP mutants have an unusual structure that allows them to preferentially access TATA elements in chromatin templates. These TBP mutants define a criterion by which promoters repressed by Cyc8-Tup1 or Sin3-Rpd3 resemble enhancerless, but not TATA-defective, promoters; hence, they support the idea that these corepressors inhibit the function of activator proteins rather than the Pol II machinery.
Core promoters are composed of TATA and initiator elements, and they are sufficient for the RNA polymerase II (Pol II) machinery to accurately initiate transcription in vitro (47, 51) . Biochemical fractionation and purification indicates that the TATA-binding protein (TBP), general transcription factors (TFIIB, -E, -F, and -H), and Pol II represent the minimal set of proteins that are sufficient for core promoter function. In unfractionated extracts and presumably in cells, TBP is a subunit of a multiprotein complex (TFIID) that contains approximately 10 associated factors (TAFs) (5) , and Pol II can be found as a large holoenzyme that contains general transcription factors and a variety of Srb and mediator proteins (32, 36) . Under certain experimental conditions, TFIID and the Pol II holoenzyme are sufficient to mediate high levels of basal transcription from core promoters that are not stimulated by activator proteins bound upstream of the core promoter (17) . Under other conditions, such as low DNA concentrations or nucleosomal templates, basal transcription is inefficient and activators are required to achieve the maximal level.
In vivo, core promoters support very low levels of transcription, and activators bound upstream (or downstream) of the core promoter are required for physiologically significant levels of transcription (56) . It is unclear whether the low levels of transcription observed from core promoters reflect basal transcription as defined in vitro or the effect of cryptic activators bound in the general vicinity of the core promoter. In Saccharomyces cerevisiae, there is considerable genetic evidence that activators function predominantly by recruiting the Pol II machinery to promoters and that association of TBP with TATA elements is a particularly important step (27, 49, 57) . Direct physical analysis by protein-DNA cross-linking in vivo indicates that, in the vast majority of cases tested, TBP does not associate with core promoters in the absence of a functional activator (40, 44) . TBP mutants that weaken TATA element binding (1, 41) or TFIIA association (4, 53) can selectively affect the response to certain activators. Such selective effects on activator-dependent transcription might be related to the observation in vitro that the TATA element is particularly important for supporting multiple rounds of transcription from a preinitiation complex (50, 63) .
There are a number of reasons, not mutually exclusive, why core promoters are extremely inefficient for transcription in vivo. First, as TBP (and hence TFIID) is virtually unable to bind to TATA elements in the context of nucleosomal templates (20) , activator-dependent modifications of chromatin structure might be required for TBP to initiate assembly of the preinitiation complex. Second, TBP interacts with general negative regulators, such as Mot1 (2), NC2 (16, 30) , the N-terminal domain of TAF130 (35) , and perhaps the Not-Ccr4 complex (9, 43) , and these inhibitors might block TBP action at core promoters in vivo. Third, TBP forms homodimers at nearphysiological concentrations, and dimer dissociation can be rate limiting for binding TATA elements in vitro (8, 59) . Fourth, at some promoters, transcription is repressed by the action of gene-specific corepressors that are recruited to target promoters by DNA-binding repressors. Yeast corepressors include the Sin3-Rpd3 histone deacetylase complex (24) , which functions by creating a highly localized domain of deacetylated nucleosomes and hence repressed chromatin (26, 52) , and the Cyc8-Tup1 corepressor (28, 60) , which functions by an unknown mechanism.
The original goal of this work was to investigate the potential role of TBP in the mechanism of Cyc8-Tup1 repression. Here, we isolate TBP mutants that overcome Cyc8-Tup1 repression and show that they directly increase transcription from a variety of enhancerless or repressed promoters containing a functional core promoter region but not from promoters that respond to moderate or strong activators. These mutants fail to bind TATA elements in vitro, but they appear to be normal in TFIID complex formation, dimerization, and interaction with the TAF130 inhibitory domain. In some, but not all, respects, these mutants resemble a TBP mutant that selectively increases transcription from weak promoters (3). These mutants provide information about why core promoters are very inefficient in vivo, and we propose a model to account for their mechanism of action.
MATERIALS AND METHODS
Isolation of TBP mutants. JGY100, the strain used for the initial mutant isolation, is a derivative of BY⌬2 (11) in which the chromosomal copy of TBP is deleted and wild-type TBP is expressed from its natural promoter on a URA3 centromeric plasmid (YCplac33). The strain also contains a SUC2-HIS3 reporter gene at the normal HIS3 locus in which the SUC2 promoter (residues Ϫ693 to Ϫ1 relative to the ATG) is fused to the ATG initiation codon of HIS3. JGY100 was separately transformed with six mutant TBP libraries (in the TRP1 centromeric vector YCplac22) generated by regional codon randomization (13) , and approximately 5,000 colonies from each library were screened on minimal medium containing 2% glucose and lacking uracil, tryptophan, and histidine. Plasmids were rescued from colonies passing this genetic selection and retransformed into JGY100 to confirm their abilities to increase expression from the SUC2-HIS3 reporter.
Phenotypic analyses. The abilities of the TBP mutants to support cell growth were assayed by plasmid shuffling (11) . Cell toxicity conferred by the TBP mutants was assessed by introducing centromeric (YCplac22) or multicopy (YEplac112) plasmids into JGY100 or a derivative containing an rpd3 deletion (24); toxicity was inferred from the inability to obtain transformants.
To determine the transcriptional requirements for increased expression from the SUC2-HIS3 reporter, we analyzed derivatives of the TBP mutants described here that also contain the following well-characterized mutations of TBP: N2-1 (K138T and Y139A), which severely reduces the interaction with TFIIA but selectively blocks the response to certain activators (53); V161A, which affects the DNA-binding surface and TATA element binding but selectively affects transcriptional activation (41) ; the double substitution E186A and E188, which blocks the interaction with TFIIB and generally reduces transcription (42) .
To assay promoter specificity, wild-type and mutant TBPs were introduced into the following strains: derivatives of FT4 containing his3 promoters in which Rap1, Ace1, or no activator binding site was upstream of the TATA and initiator regions (21); yML2, which contains a his3 promoter lacking the normal upstream region and containing a mutated (TGTAAA; the underlined base is mutated from the consensus) TATA element (41) , in the presence or absence of a plasmid expressing TBP m3 , an altered-specificity derivative (55) ; and a derivative of FT5 generated by Jutta Deckert containing a his3 allele subject to repression by Sin3-Rpd3 histone deacetylase in which two URS1 elements from the IME2 promoter are upstream of the intact CYC1 promoter region (24) . The resulting strains were analyzed for his3 expression by their growth in the presence of aminotriazole (AT).
For the artificial-recruitment experiments, the region encoding TBP in YCp91-LexA-TBP (54) was replaced by comparable regions encoding the mutant TBPs. DNAs expressing the LexA-TBP derivatives were introduced into strain FT4 containing JK103, a multicopy URA3 plasmid with four LexA operators upstream of the GAL1 TATA element and lacZ structural gene (60) . The resulting strains, grown to an A 600 of 0.8 in glucose medium containing 0.6% Casamino Acids and lacking tryptophan and uracil, and chloroform-permeabilized cells were assayed for ␤-galactosidase activity. All values shown represent averages of at least two experiments performed with four independent transformants; the error is Ϯ20%. S1 analyses. Strains containing SUC2-HIS3, Rap1-HIS3, or Ace1-HIS3 alleles were grown in glucose medium containing 0.6% Casamino Acids and lacking tryptophan and uracil (and 400 M copper sulfate in the case of the Ace1-HIS3 allele) to an A 600 of 0.8 or 1.0. The RNA levels of the various genes were determined by the S1 nuclease protection assay using 20 to 40 g of RNA per sample and oligonucleotide probes (22) . The sequences of the oligonucleotide probes for HIS3 and DED1 (7), tRNA w (12) , and CMD1 and PGK1 (45) have been described previously. The sequence of the SUC2 probe is GGGAGCGAT AGCAATGGGTTGATCTTCCCAATTAGTCAAATCATCGGAAGTAGCA TGGCCCCTTTTGT. RNA levels for all genes transcribed by Pol II are normalized to the levels of tRNA w . Analysis of TBP levels and TFIID complex integrity. The URA3 centromeric vector YCplac22 expressing the triple-hemagglutinin (HA)-tagged derivative of TBP (HA 3 -TBP) from its natural promoter has been described previously (40) ; the comparably tagged version of the ⌬N69 derivative was generated by replacing BamHI-XbaI fragments. Cells containing these DNAs (and the YCplac22 control) were grown in 2% glucose medium containing Casamino Acids lacking tryptophan to an A 600 of 1. Cell extracts were made by glass bead disruption (45) , and 50 g of protein from each sample was electrophoretically separated on a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel, transferred to nitrocellulose, and then probed with a polyclonal TBP antibody. Endogenous (untagged) TBP and the HA 3 -tagged TBP derivatives were simultaneously visualized by the alkaline phosphatase technique (Stratagene) upon development.
Immunoprecipitations (1-ml reaction volume) were performed by incubating the protein samples of interest with 50 l of protein A-Sepharose beads containing monoclonal antibody (12CA5) to the HA-1 epitope (15) for 16 h at 4°C in buffer A (20 mM HEPES [pH 7.9], 150 mM NaCl, 5 mM MgCl 2 , 10% glycerol). To normalize the levels of the HA 3 -tagged TBPs, we analyzed 1 mg of protein from cells expressing HA 3 -TBP and 4 mg of protein from cells expressing HA 3 -TBP-⌬N69; 4 mg of protein was also used for the control cells that do not express an HA 3 -tagged protein. The beads were washed five times in buffer A, and the associated proteins were eluted by boiling and then resolved by SDSpolyacrylamide gel electrophoresis. Western blots using antibodies specific for TBP and TAFs were developed by the alkaline phosphatase method.
Chromatin immunoprecipitation. To compare promoter occupancy of wildtype TBP and the ⌬N69 derivative, it was necessary to express the HA 3 -tagged derivatives at comparable levels. We therefore placed HA 3 -TBP under the control of a modified version of a copper-inducible promoter (34) generated by Zarmik Moqtaderi and utilized appropriate copper concentrations. JGY100 cells expressing HA 3 -tagged TBP or TBP-⌬N69 were grown to an A 600 of 0.8 in glucose medium containing Casamino Acids and 35 M copper sulfate and lacking tryptophan and were cross-linked with 1% formaldehyde for 20 min. Cross-linked protein-DNA complexes were isolated, immunoprecipitated with monoclonal antibody to the HA-1 epitope (12CA5), and de-cross-linked as previously described (40) . PCR mixtures contained 1 M primers, 0.1 mM deoxynucleoside triphosphates, 0.1 mCi of [␣-
32 P]dATP (specific activity, 3,000 Ci/mmol)/ml, and various dilutions of either immunoprecipitated or input DNAs in a total volume of 10 l. Samples were heated to 94°C for 90 s, followed by 26 cycles of 94°C for 30 s, 55°C for 30 s, and 1 min at 72°C. After the completion of the last cycle, the samples were incubated for an additional 5 min at 72°C. The PCR products were resolved by electrophoresis through 10% polyacrylamide gels and quantitated with a Fuji phosphorimager. Units of TBP occupancy are relative to the value for the tRNA CAA promoter in a strain containing HA 3 -TBP that has been assigned a value of 100 and corresponds to complete (or nearcomplete) occupancy (40) .
Purification of TBPs. Hexahistidine-tagged derivatives of wild-type and mutant TBPs were generated by subcloning NdeI-BamHI PCR fragments into the corresponding sites of pET15b (41) . These TBP derivatives were expressed in Escherichia coli BL21(DE3) by induction with 1 mM isopropyl ␤-D-thiogalactopyranoside for 2.5 h and the cells were resuspended in 8 ml of buffer T (0.5 M KCl, 20 mM Tris [pH 7.9], 1 mM EDTA, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride) per liter of culture volume. After sonication, cell debris was removed by centrifugation, and the supernatant was diluted in buffer T to a final KCl concentration of 100 mM. The supernatant was loaded on an SP-Sepharose column equilibrated in buffer T (0.1 M KCl), washed with buffer T (0.1 M KCl), and eluted in a single step with buffer T (0.5 M KCl). The peak fractions were pooled, and the proteins were purified by Ni-nitrilotriacetic acid (NTA)-agarose chromatography. TBP purity was estimated at 80 to 95%.
DNA-binding assays. Wild-type and mutant TBPs were incubated in 10-l reaction mixtures containing 0.7ϫ buffer T, 6 g of bovine serum albumin, 100 ng of poly(dG ⅐ dC), 7 mM magnesium acetate, and a 0.5 nM concentration of a 32 P-labeled DNA fragment containing the adenovirus 2 E1B TATA box. Following incubation at 30°C for 30 min, the reaction products were electrophoretically separated through 5% polyacrylamide gels in Tris-glycine-EDTA buffer containing 4 mM MgCl 2 .
Dimerization experiments. Dimerization was assayed by cross-linking with bismaleimidohexane (BMH; Pierce) essentially as described previously (59) . To assay homodimerization, purified TBP and TBP-⌬N69 were separately incubated at concentrations ranging from 1 to 100 nM for 30 min at 30°C. After being cross-linked with 0.1 mM BMH for 30 s, the reaction was quenched by the addition of PSB, a buffer containing ␤-mercaptoethanol. To assay heterodimerization, the procedure was essentially the same except that 1 M TBPc (the core domain of TBP, which contains the 180 C-terminal amino acids; provided by Jim Geiger) was incubated with 100 nM TBP or TBP-⌬N69. In both cases, monomers and dimers were separated by SDS-10% polyacrylamide gel electrophoresis and visualized by Western blotting with polyclonal TBP antibodies.
TBP interaction assays. To assay the interaction of wild-type and mutant TBPs with the N-terminal inhibitory domain of TAF130, we expressed glutathione S-transferase (GST)-TAF130(10-58) and GST-TAF130(10-88) in E. coli JS5 using plasmids provided by Tetsuro Kokubo (35) and purified the GST fusion proteins from soluble extracts by glutathione-Sepharose chromatography. For the binding reactions (final volume, 100 l), 30 pmol of GST proteins was incubated at 4°C for 30 min with 30 pmol of TBP or TBP-⌬N69 in buffer N (100 mM KCl, 20 mM Tris [pH 7.5], 12.5 mM MgCl 2 , 10% glycerol, 1 mM dithiothreitol) as described previously (35) . Ten microliters of glutathione-Sepharose was added, and the samples were incubated an additional 30 min at 4°C. The beads were washed four times with buffer N, and the complexes were eluted by boiling and then analyzed by Western blotting with antibodies to TBP.
To assay the interaction of wild-type and mutant TBPs with the general negative factor NC2, various amounts of recombinant NC2 (generously provided by Rick Young) were incubated with 200 ng of either His-tagged TBP or Histagged TBP-⌬N69 in 400 l of buffer C (20 mM Tris [pH 8.0], 100 mM NaCl, 0.1% Nonidet P-40, 10% glycerol, 5 mM imidazole) and 10 l Ni-NTA-agarose for 1 h at room temperature. Samples were washed three times with buffer C, followed by two washes with buffer C lacking imidazole. After elution by boiling, NC2 proteins were visualized by Western blotting using an anti-NC2 polyclonal antiserum.
RESULTS
TBP mutants that overcome repression by the Cyc8-Tup1 complex. The Cyc8-Tup1 corepressor complex is recruited to selected sets of promoters by specific DNA-binding proteins (28, 60) . It has been suggested that Cyc8-Tup1 represses transcription by directly affecting the Pol II machinery (18, 38, 61) or by altering chromatin structure (10, 19) , but the mechanism is unknown. The original goal of this work was to isolate TBP mutants that overcome repression by the Cyc8-Tup1 corepressor. We devised a genetic selection in which the HIS3 structural gene is fused to the SUC2 promoter, which is repressed by glucose in a manner dependent on Cyc8-Tup1. A strain containing an integrated copy of this SUC2-HIS3 allele requires histidine for growth in repressing conditions (2% glucose) but not in nonrepressing conditions (0.05% glucose).
Six complex yet highly compact TBP libraries representing about half of the protein-coding region (13) were introduced into a strain carrying the integrated SUC2-HIS3 allele and expressing wild-type TBP from a URA3 centromeric plasmid (Fig. 1A) . In principle, this approach should allow for the isolation of TBP mutants that are dominant or recessive (provided that they can support cell growth as the sole source of TBP after loss of the URA3 plasmid). Of 20,000 initial transformants, four reproducibly grow under the stringent selection conditions (Fig. 1B) . Two mutants contain a deletion of Asn69 (⌬N69), a residue that forms two hydrogen bonds with bases T4 and A5 of the bottom strand of the TATA element (29, 31) . Although single-amino-acid deletions are generally very rare, they are expected here due to the codon-based mutagenesis (13) threonine 124 to asparagine. Strikingly, residues 69, 71, 124, and 125 define a small region at the DNA-binding interface (29, 31) .
TBP mutants are dominant and toxic for cell growth. As determined by a plasmid shuffle assay, the TBP mutants are unable to support cell growth when present as the sole source of TBP ( Fig. 2A) . This indicates that the TBP mutants are dominant over wild-type TBP with respect to their ability to overcome Cyc8-Tup1 repression of the SUC2 promoter. Unexpectedly, the mutant proteins are expressed at 5 to 20% of the wild-type TBP level, depending on the individual mutant and the strain background ( Fig. 2B and unpublished) . As the proteins are all expressed from the TBP promoter, the low level of the mutant TBPs is probably due to protein instability.
The relatively low levels of the TBP mutant proteins do not account for their failure to support cell growth. On the contrary, the TBP mutants are toxic for cell growth, because introduction of multicopy plasmids expressing these mutants results in barely visible microcolonies after prolonged incubation on plates. This toxicity is not observed when the TBP mutants are expressed from centromeric plasmids or when wild-type TBP is expressed from a multicopy plasmid. Thus, in the presence of wild-type TBP, relatively low levels of the mutant proteins are sufficient to override Cyc8-Tup1 repression and are important to prevent toxicity. Interestingly, strains lacking Rpd3 histone deacetylase are hypersensitive to the toxic effects of the mutant TBPs because they are unable to be transformed by centromeric plasmids expressing the mutant TBPs.
TBP mutants function at enhancerless or repressed promoters containing strong TATA elements. To address whether the effect of the TBP mutants is specific to Cyc8-Tup1-repressed promoters, we asked whether the mutants can also increase expression from other repressed or weak promoters that are unaffected by Cyc8-Tup1. In all cases, these promoters were fused to the HIS3 structural gene, and expression was monitored by growth in the presence of AT, a competitive inhibitor of the HIS3 gene product. As shown in Fig. 3A , the TBP mutants confer increased AT resistance and hence HIS3 expression in a strain containing a CYC1 promoter derivative repressed by Ume6 and the Sin3-Rpd3 histone deacetylase complex (24) . Similarly, all three TBP mutants increase expression from a his3 promoter derivative containing the TATA and initiator elements but lacking all known upstream elements (Fig. 3B) . Finally, transcriptional analysis indicates that the TBP mutants increase SUC2 or SUC2-HIS3 RNA levels approximately threefold (Fig. 3C) . Thus, the TBP mutants can increase expression from three different weak promoters (SUC2, CYC1, and HIS3) that either lack a functional enhancer or are repressed by the Cyc8-Tup1 or Sin3-Rpd3 corepressor complexes. Although the TBP mutants increase expression from the his3 promoter derivative lacking upstream elements, they do not confer increased AT resistance (data not shown) or his3 transcription (Fig. 3D ) from stronger his3 promoters containing binding sites for moderate (Rap1) or strong (Ace1) activators. Similarly, the TBP mutants do not cause increased transcription from natural yeast promoters that are moderately or highly active (CMD1 and PGK1, respectively [ Fig. 3D]) . Finally, the TBP mutants do not indiscriminately increase transcription from all weak promoters, as they have no effect on a basal his3 promoter containing a mutated TATA element (Fig.  4A) , even though his3 expression from this promoter is comparable to that from the other weak promoters examined. Taken together, these results indicate that the TBP mutants specifically increase transcription from enhancerless or repressed promoters containing a functional core promoter region.
TBP mutants act directly at affected promoters. Because the properties of the TBP mutants are examined in the presence of wild-type TBP, there are two classes of mechanisms to account for their ability to increase transcription from weak promoters. In one model, the TBP mutants increase transcription by acting directly at the affected promoters. In the alternative model, the TBP mutants titrate out a negative factor, thereby permitting wild-type TBP to stimulate transcription at the affected promoters. The observation of increased transcription when the mutant TBPs are expressed at only 5 to 20% of the wildtype level strongly argues against a titration model, because titration of a negative factor typically requires overexpression. Furthermore, Fig. 4B indicates that mutant TBPs do not increase transcription mediated by an altered-specificity derivative of TBP that functions on promoters containing appropriately mutated TATA elements (55) . However, to provide better evidence that the TBP mutants act directly at promoters in vivo, we carried out the following two experiments.
First, we performed an artificial-recruitment experiment based on the observation that a LexA-TBP hybrid protein can activate transcription from a promoter containing LexA operators upstream of a core promoter (6, 54) . In these and related experiments (33, 62) , transcriptional activation requires the TBP moiety of the fusion protein to interact with the TATA element. As shown in Fig. 5A , LexA fusions to the ⌬N69 or V71R derivative of TBP stimulate transcription to an extent roughly comparable to that of the wild-type LexA-TBP hybrid protein. Thus, the TBP mutants are transcriptionally competent when artificially recruited to promoters via a heterologous DNA-binding domain. Second, we examined whether mutations that block transcription in the context of wild-type TBP also abolish the ability of the TBP derivatives described here to stimulate expression of the SUC2-HIS3 promoter (Fig. 5B) . The TBP mutants lose the ability to increase expression from the SUC2-HIS3 promoter when they are combined with a double substitution (E186A and E188A) on the TFIIB interaction surface that blocks transcription (42) . In contrast, expression from SUC2-HIS3 is only partially affected when the TBP mutants are combined with the N2-1 (K138T and Y139A) allele, which severely weakens the TBP-TFIIA interaction (53), and it is unaffected when they are combined with the V161A mutation, which weakens the TBP-TATA interaction (41) . The N2-1 and V161A derivatives of wild-type TBP support cell growth and do not generally affect the transcription of most promoters, although they have weakened responses to strong activators (41, 53) . Thus, there is an excellent correlation between transcriptional activity in the context of wild-type TBP and in the context of the TBP derivatives described here.
Association of TBP mutants with promoter sequences in vivo. Although the TBP mutants display increased expression from core promoters, they have no detectable effect on weakly or strongly activated promoters. One possibility is that the TBP mutants are truly defective in the response to activators. Alternatively, the TBP mutants may be comparable to wild-type TBP in mediating transcriptional activation but do not confer an observable phenotype because the mutant proteins represent a small proportion of the total TBP levels.
To address this issue and to avoid the contributions of wildtype TBP to transcription levels, we epitope tagged the ⌬N69 mutant of TBP and directly measured its association with promoters in vivo using chromatin immunoprecipitation (40, 44) . As a control, we expressed comparable levels of epitope- tagged wild-type TBP from a copper-inducible promoter. In this way, the epitope-tagged derivatives could be specifically monitored and directly compared, even though they were present at approximately 10% of the level of the untagged wild-type TBP in the same strain (Fig. 6A) .
The ⌬69 derivative of TBP associates with both the PGK1 and PYK1 promoters, although with slightly reduced (two-to threefold) efficiency in comparison to that of wild-type TBP (Fig. 6B) . As the level of TBP occupancy is very strongly correlated with transcriptional activity in vivo (40, 44) , this suggests that the mutant protein is mildly defective for transcription from strong promoters. The mutant protein shows a similarly mild defect at the ribosomal DNA promoter, which is transcribed by Pol I. The ⌬N69 derivative binds two Pol III promoters with markedly reduced efficiency, a result that is consistent with its inability to complement a TBP mutant that is defective for Pol III transcription (data not shown). We could not assess TBP occupancy at the very weak promoters that are stimulated by the ⌬N69 derivative because TBP binding at these promoters cannot be detected above the background (40) . Nevertheless, the fact the ⌬N69 derivative can directly associate with promoters in vivo, together with the artificial-recruitment and genetic experiments described in the previous section, provides compelling evidence that the TBP mutants increase transcription from weak promoters via direct binding to core promoter elements.
The ⌬N69 derivative of TBP forms a normal TFIID complex in vivo. One possible model for the increased activity on core promoters is that the TBP mutant proteins form TFIID complexes that are different in composition from those formed by wild-type TBP. To address this question, we immunoprecipitated epitope-tagged versions of the wild type and the ⌬N69 derivative of TBP and compared the relative levels of associated TAFs (Fig. 7) . When normalized for levels of TBP, the wild-type and mutant proteins were indistinguishable in their associations with TAF90, TAF68, TAF60, and TAF30. Therefore, it appears that the ⌬N69 mutant TFIID complexes are structurally similar to wild-type TFIID, although subtle changes in composition or conformation cannot be excluded.
TBP mutants are defective for TATA element binding in vitro. In accordance with the mutations mapping to the DNAbinding surface, TBP mutant proteins purified from E. coli are unable to bind a consensus TATA element in vitro, even at high concentrations (Fig. 8) . The lack of TATA element binding is not due to misfolding or general inactivity of the TBP mutant proteins, because these proteins are fully functional for other biochemical activities (see below). The lack of TATA element binding in vitro does not conflict with our conclusion that the TBP mutants directly associate with TATA elements in vivo. In particular, there are a number of TBP derivatives that do not detectably associate with TATA elements in vitro yet are fully competent to support yeast cell viability and transcription in vivo (1, 41) . This apparent discrepancy is probably due to the fact that TBP association with TATA elements in vivo is stabilized by TAFs and other components of the Pol II machinery (40, 44) and hence is not simply due to its inherent DNA-binding affinity.
TBP mutants are unaffected in dimerization, interaction with NC2, or interaction with the inhibitory domain of TAF130. The DNA-binding surface of TBP is also important for dimerization (46) , for interaction with the N-terminal inhibitory domain of TAF130 (35) , and presumably for interaction with NC2, a general negative regulator of TBP function (16, 30) . In vitro, TBP forms homodimers at concentrations similar to those found in yeast nuclei, and dimer dissociation can be rate-limiting for binding TATA elements (8, 59) . If the TBP mutants have a dimerization defect, they might have a higher concentration of active TBP (and presumably TFIID) monomers, with the end result being an increase in transcription. Alternatively, a defect in interaction with the TAF130 inhibitory domain or with NC2 might liberate the DNA-binding surface in the context of TFIID and lead to increased TATA element binding.
As assayed by cross-linking ( Fig. 9 and data not shown), wild-type and mutant TBP derivatives are indistinguishable for homodimerization at concentrations ranging from 10-fold lower to 10-fold higher than the apparent K d (8) . In addition, we could not detect any differences in heterodimerization when we incubated the wild-type and ⌬N69 TBP derivatives with the wild-type TBP core domain. Finally, using affinity chromatography, wild-type and mutant TBPs are indistinguishable in their abilities to interact with the N-terminal inhibitory domain of TAF130 (Fig. 10A) or with NC2 (Fig. 10B) . Thus, our TBP mutants are not defective for dimerization or for interaction with TAF130 or NC2 in vitro and are unlikely to be defective for these functions in vivo. 
DISCUSSION
TBP mutants that directly and specifically increase transcription from core promoters. In the presence of wild-type TBP, the mutants described here increase transcription of the following unrelated promoters: the SUC2 promoter under conditions of repression by Cyc8-Tup1, a modified CYC1 promoter under conditions of repression by the Sin3-Rpd3 histone deacetylase complex, and the core HIS3 promoter lacking all known upstream elements. In contrast, the TBP mutants do not increase transcription of a comparably weak promoter containing a mutated TATA element nor do they affect transcription of his3 promoter derivatives under conditions of modest or strong activation. In fact, chromatin immunoprecipitation experiments suggest that the ⌬N69 derivative is mildly defective for transcription from moderate or strong promoters. Taken together, these results strongly suggest that the TBP mutants specifically increase transcription from core promoters under conditions where activators are either not present or functionally inhibited (either directly or indirectly) by transcriptional corepressors recruited to the promoters.
Several independent lines of evidence provide a compelling argument that the TBP mutants act directly at the affected promoters and do not function by titrating out a negative factor that permits wild-type TBP to function at the affected promoters. First, the TBP mutants are transcriptionally competent when artificially recruited to promoters via a heterologous DNA-binding domain. Second, mutational analysis reveals a correlation between transcriptional activity in the context of wild-type TBP and in the context of the TBP deriv- atives. Third, it is very difficult to explain how low-level expression of the TBP mutants could titrate out or sequester a negative factor to permit wild-type TBP to have increased function at core promoters, particularly since this phenotype is not observed upon overexpression of wild-type TBP. Fourth, because overexpression of the TBP mutants, but not wild-type TBP, is toxic for cell growth, any titration model would require that the mutants have a much greater affinity for the inhibitor than wild-type TBP; this seems unlikely given the radical nature of the mutations. Instead, the toxicity caused by overproduction of the TBP mutants is likely to reflect inappropriate expression of natural promoters that contain nonfunctional or repressed enhancers under the conditions examined. Fifth, chromatin immunoprecipitation experiments indicate that the ⌬N69 derivative can directly associate with promoters in vivo.
Similarities to and differences from previously described TBP mutants that selectively increase transcription from weak promoters. Blair and Cullen have described a TBP mutant that increases transcription from several weak promoters while having no significant effect on stronger promoters (3). The mutant contains an amino acid substitution, N69S, that affects the same residue that is deleted in one of our mutants (⌬N69). Furthermore, the N69S derivative is similar to our mutants in that it stimulates transcription when artificially recruited to promoters. The analysis of the N69S derivative was insufficient to determine conclusively whether it functioned directly at the affected promoters or titrated out negative factors.
Despite the similarities between the N69S mutant and the TBP derivatives described here, there are significant differences. First and most important, N69S does not pass the genetic selection used to isolate the TBP mutants described here, indicating that it is unable to increase transcription from a promoter repressed by Cyc8-Tup1. Similarly, our genetic selection yielded two independent mutants with the ⌬N69 allele, which occurs very infrequently in the TBP mutant library, but did not yield any amino acid substitutions in N69, which represent approximately 5% of the TBP derivatives in the library (13) . Second, N69S efficiently binds TATA elements in vitro whereas the TBP derivatives described here show no detectable DNA-binding activity. Other biochemical properties of the N69S derivative were not examined, thereby preventing comparison to the TBP derivatives described here. Third, increased transcription by our TBP mutants requires a functional TATA element, whereas this is not the case for the N69S derivative.
After our experimental work was completed, but just prior to submission of this report, additional TBP mutants that increase activator-independent transcription were described (23) . Several of these TBP mutants have amino acid substitutions at N69, and one of them is identical to the V71R derivative described here. However, in apparent contradiction to our results, these TBP mutants were said to be defective for heterodimerization with wild-type TBP. This conclusion was based solely on a GST pulldown assay in which wild-type and mutant TBPs were assessed for their abilities to interact with the C-terminal core domain of TBP that was immobilized on glutathione agarose beads. This GST pulldown assay does not strictly measure heterodimerization (it monitors any form of TBP-TBP association), and the extended incubation and washing times make the assay very nonlinear with respect to K d and are likely to magnify a subtle difference between wild-type and mutant TBPs. In addition, the assay is complicated by the dimeric nature of the GST moiety itself and the fact that experiments were performed at 4°C, conditions that favor TBP multimerization (48) .
In contrast, our dimerization assays are specific in that the levels of TBP monomers and dimers were directly monitored on gels. In addition, the relative monomer and dimer levels were measured during a period of only 30 s, which represents the time of cross-linking. Finally, it is particularly important to note that the TBP-⌬N69 derivative showed no defect in homodimerization. For assessing the quality of the dimerization FIG. 9 . Dimerization properties of TBP and TBP-⌬N69 are indistinguishable. To examine homodimerization (left), TBP derivatives were incubated in the presence (ϩ) or absence (Ϫ) of the BMH cross-linker, and the resulting products were analyzed by Western blotting. The protein concentration (100 nM) is approximately 10-fold higher than the observed K d for TBP in solution. The same procedure was repeated at a range of concentrations from 10-fold lower to 10-fold higher than the K d , with no differences observed between wild-type (wt) TBP and any of the mutant proteins. To examine heterodimerization (right), TBPc, a proteolytic fragment containing the conserved core of wild-type TBP, was incubated at a 10-fold molar excess over TBP or TBP-⌬N69 (100 nM) in order to approximate the in vivo expression levels. The band intensities of TBPc monomers and dimers are much lower than expected from the amount of protein added because the TBP antibody primarily recognizes epitopes in the nonconserved N terminus, which is not present in TBPc.
interface, homodimerzation is a much more stringent assay than heterodimerization because, with respect to wild-type TBP homodimers, mutant homodimers have two significant structural perturbations whereas heterodimers have only one. Indeed, in many examples of dimeric proteins (e.g., leucine zippers), mutant homodimers are virtually always more defective than mutant-wild-type heterodimers. Thus, although we cannot exclude very subtle effects, our results strongly argue that dimerization of the ⌬N69 derivative is unaffected.
Potential molecular mechanisms for increased transcription by the TBP mutants. Biochemical analysis indicates that the ⌬N69 derivative is unimpaired in homodimerization, heterodimerization with wild-type TBP, interaction with NC2, and interaction with the N-terminal inhibitory domain of TAF130. In addition, the ⌬N69 derivative appears to form normal TFIID complexes, although subtle differences in composition or conformation cannot be excluded. Although the other two TBP mutants were not tested for these biochemical properties, we suspect that they will behave in a manner similar to the ⌬N69 derivative, given that the three TBP mutants are virtually indistinguishable by all other criteria examined. Lastly, the mutations all map to the DNA-binding surface, strongly arguing that the TBP mutants are not affected directly in their abilities to interact with TFIIA or TFIIB. Thus, it seems unlikely that the transcriptional phenotypes conferred in vivo by the ⌬N69 (and presumably the other) TBP mutants are due to defects in any of the above interactions.
In considering potential mechanisms, the key observation is that the TBP mutants selectively increase transcription from core promoters. This selectivity argues against (although it does not disprove) models in which the mutations simply increase the concentration of active TBP by blocking the interaction with negative regulators that sequester TBP into inactive states. Instead, it is more likely that increased core promoter function is due to a special property of the TBP mutants, particularly since this phenotype is observed even when the mutant proteins are expressed at levels considerably below that of wild-type TBP in the same cells.
It is believed that the inactivity of core promoters in vivo is due to the repressive effects of chromatin (58) . In particular, nucleosomes severely inhibit TBP binding to TATA elements because the DNA bending required for a TBP-TATA complex is structurally incompatible with DNA wrapped around nucleosomes (20) . We therefore speculate that the TBP mutants might have an altered structure such that they can form TBP-TATA complexes in the context of simple (i.e., unaltered) nucleosomal templates more readily than wild-type TBP. Consistent with this idea, our TBP mutants have radically altered DNA-binding surfaces (e.g., deletions of amino acids that contact DNA) that will significantly alter the structure of the TBP-TATA complex, and the TBP-TATA complex involving the N69S derivative has reduced electrophoretic mobility suggestive of altered DNA bending (3).
In principle, this special property of the TBP mutants could account for increased function at core promoters. On the other hand, at moderately or strongly activated promoters, the chromatin structure is likely to be modified via activator-dependent recruitment of nucleosome remodeling (e.g., Swi-Snf) or histone-modifying (e.g., SAGA) activities (14, 37, 39, 58) , thereby rendering this special property less important. In fact, the DNA-binding defect of these TBP mutants might actually result in a competitive disadvantage with wild-type TBP for access to moderate or strong promoters.
Inferences about the mechanism of repression by the Cyc8-Tup1 and Sin3-Rpd3 corepressors. The Cyc8-Tup1 and Sin3-Rpd3 corepressors are recruited to specific promoters by DNA-binding repressor proteins, whereupon they inhibit transcription (24, 28, 60) . In the case of the Sin3-Rpd3 histone deacetylase complex, repression is mediated by localized histone deacetylation over a range of 1 to 2 nucleosomes around the site of recruitment (25, 52) . However, it is unknown whether these recruited corepressors repress transcription by inhibiting the function of activators or by blocking the activity of the core Pol II machinery. Cyc8-Tup1 can weakly inhibit basal transcription on purified DNA templates in vitro (18) , but the magnitude of this effect is far below that observed for Cyc8-Tup1 repression in vivo.
The TBP mutants increase transcription from promoters that are repressed by the Cyc8-Tup1 or Sin3-Rpd3 corepressors or that lack an enhancer element but not from an equivalently weak promoter with a mutated TATA element. Thus, the TBP mutants define a criterion by which promoters repressed by Cyc8-Tup1 or Sin3-Rpd3 histone deacetylase are similar to enhancerless promoters but distinct from TATAdefective promoters. While this consideration does not exclude direct inhibition of the basic Pol II machinery, it supports the idea that Cyc8-Tup1 and Sin3-Rpd3 repress transcription primarily by inhibiting the function of activator proteins. 
